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 The sum of this thesis focuses on the development of organic and organic-
inorganic hybrid systems for optoelectronic, photovoltaic, and carbon sequestration 
applications.  Within, two compounds have been successfully synthesized as potential 
precursors to highly conjugated N-heterocyclic aromatic ligands for transition metal 
based photosensitizers in dye-sensitized solar cells.  The synthetic procedures and 
potential for future investigation are discussed.  Similarly, the self-assembly of both 
organic and metal-organic supramolecular assemblies were investigated with a focus on 
using aromatic diimides for this purpose. 1,4,5,8-naphthalenediimde was found to 
undergo self-assembly into long, single crystal wires with solution phase processing in 
DMSO. These wires were characterized for composition and optical properties and 
integrated into a working device for sensing light sources.  Likewise, perylene-3,4,9,10-
tetracarboxylic acid was isolated using a variety of metals in the (II) and (III) oxidation 
states.  These materials were crystals as films on a gold surface and investigated as 



























Given the tremendous demand for energy being placed on the planet, it is a 
cornerstone of modern science to develop alternative energy solutions.  One particularly 
promising outlet is the development of low-cost, highly efficient solar technologies.  
Photovoltaic cells have taken on many diverse forms since the first one was built over a 
century ago, but today a huge focus of the international research community is based on 
dye-sensitized solar cells (DSSC).  Since the introduction of dye-sensitized solar cells in 
1991 by Brian O’Regan and Michael Gratzel the technology has evolved tremendously1; 
the original publication currently has over 17,000 citations.  A schematic of a typical 






Within DSSCs, there are three main components that have received widespread 
research attention – the n-type semiconductor, the photosensitizer dye, and the redox 
electrolyte.  Some of the more notable research advances in this field have been the 
recognition of phenanthroline and terpyridine sensitizers for ruthenium-based dyes.  The 
research performed for this dissertation has taken the advances in DSSC sensitizers and 
attempted to synthesize precursors for more highly conjugated derivatives of 
phenanthroline and terpyridine.  The target compounds are shown in Figures 2 and 3; 
increased conjugation to these structures is hypothesized to redshift solar absorption, 
leading to an increase in photovoltaic efficiency.  This work has been carried out under 
the supervision of Noah Johnson and further characterization of these molecules and 









 In order to synthesize the two compounds shown above and their derivatives, two 
nitroaromatic derivatives have been synthesized that can be used as precursors to the final 
production of highly conjugated polycyclic heteroaromatic ligands for Ru-DSSCs.  The 
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 Both compounds were synthesized in respectable yields using similar 
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 This work remains in preliminary stages with the final goal of synthesizing 5,6-
diazapentaphene and quino[8,7-b][1,10]phenathroline.  The next stages of synthetic 
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The last decade has seen immense interest in self-assembled supramolecular 
structures for organic electronic applications12-14 and in particular aromatic diimide 
derivatives.15 Thin films and other nanostructures of perylenetetracarboxylic diimide 
(PTCDI)16-18, and naphthalenetetracarboxylic diimide (NPDI)17-26 (Figure 8), along with 
their derivatives, have been well studied for a range of applications from organic field 
effect transistors (OFET) and organic light emitting devices (OLED) to organic 
photovoltaics (OPVs). Both PTCDI and NPDI are well known for their interesting photo-
luminescent and electronic properties. ;2421*:&I! 5$?2! 0**21*"$1! )05! E221! %0"=! *$!2:24*'$1"4! =2<"425! EA":*! D'$?! *)252! supramolecular assemblies because of the unique 
properties of such nanomaterials.28-31. Previously, we reported the physical properties and 
electronic characteristics of a single unsubstituted PTCDI nanowire prepared from vapor 
deposition26.  In our previous attempts, NPDI nanowires prepared in the gas phase were 
not uniform or crystalline, 27 and thus were not conductive or semi-conductive, which 
limits their applications.  To the best of our knowledge, the electronic properties of a 
single NPDI nanowire have not yet been reported. In this study, we report the self-
assembly of crystalline NPDI microwires through !-! stacking and hydrogen bonding 












NPDI was purchased from TCI Chemical and used as received.  Anhydrous 
DMSO (99.7%) was purchased from Acros Organics and was used without further 
purification.  NPDI was dissolved in DMSO at various concentrations. NPDI microwires 
were prepared from evaporation of DMSO in an Omni-Lab VAC 101965 glove box 
system under nitrogen; the atmosphere within the glove box was maintained under 0.2 
ppm moisture content.  Wires were self-assembled in glass vials through evaporation of 
DMSO with a starting volume of 5mL of NPDI solution in a 20 mL sample vial. 
  Fluorescence spectra were obtained with a Hitachi F-7000 fluorescence 
spectrometer.  Attenuated total reflection infrared (ATR-IR) spectra and cross-polarized 
optical microscopy (CPOM) were obtained on a Smith Polarized IR microscope.  
Thermal analyses were obtained with a thermo-gravimetric/differential thermal analyzer 
(TG/DTA 6300, SII Nanotechnology Inc). Scanning electron microscopy (SEM) images 
!-+!!
were obtained using a Hitachi TM-1000 tabletop microscope.  Elemental composition 
was found on a Zeiss Supra 50 VP equipped with an Oxford energy-dispersive X-ray 
spectrophotometer (EDS).  Photon sensing experiments were performed with a microwire 
resistor device mounted inside an electromagnetic shielding box that was then placed 
inside the chamber of the Hitachi F-7000 fluorescence spectrometer.  The shielding box 
was left uncovered with the topside directly facing the Xe lamp of the fluorescence 
spectrometer.  Current-Voltage (I-V) curves were measured on a Keithley 2636A dual 
channel system source meter before and after the devices were exposed to 355 nm light 
from a Xe lamp.  The two gold electrodes at the distance of 10 !m from each other were 
patterned by a lift-off photolithography technique on a 300 nm thick SiO2 layer on a 
highly p-type-doped Si wafer. An NPDI microwire was transferred onto the wafer across 
the two gold electrodes. Optical microscopy was used to check for a suitable wire across 
the electrodes to ensure that the only conductive path was through the single mesowire.  
The two gold electrodes are used as a source and a drain, the SiO2 serves as a gate oxide, 
and the p-type Si wafer is a gate electrode. Gate voltage experiments were performed 




Evaporation of a 1.0x10-3 M NPDI in DMSO solution afforded self-assembled 
crystalline NPDI microwires of several hundred microns in length (Figures 9 and 10).  
The size of NPDI microwires was found to be kinetically controlled as a function of 
evaporation rate; slower evaporation rates led to much larger wires, but fast evaporation 
!-U!!
of solution led to aggregation on the surface and no well-defined nanostructure. Typical 
time frames for full evaporation of DMSO solution were between 48-72 hrs.  Dilute 
solutions of 1x10-4, 1x10-5, 1x10-6 M concentrations were also examined but were found 
not to help the formation of microwires; lower concentration solutions were found to 
reduce or hinder wire formation.  Higher concentrations than 1 mM have not been 
investigated due to limited solubility of NPDI in DMSO. Because wires at microscale are 
easier to handle then those at nanoscale, all the characterization of the NPDI crystalline 
wires were conducted on NPDI microwires that were prepared from evaporation of 
DMSO in a 1 mM NPDI solution. NPDI has very low solubility in many common 
organic solvents and water.  One caveat for self-assembly of this system is the highly 
hygroscopic nature of DMSO.  If the same experimental methods are conducted outside 
an inert atmosphere, anhydrous DMSO absorbs atmospheric water vapor, crashing the 
dissolved NPDI out of solution as a precipitate rather than allowing NPDI to self-
assembly slowly.  These microwires were characterized for composition, electrical and 











X-ray diffraction (XRD) and transmission electron microscopy (TEM) are 
typically used to obtain the crystalline structures of organic and inorganic materials. 
However, despite extended lengths, the diameter of our NPDI nanowires is less than 
50µm and therefore too small for single-crystal XRD. In another attempt, TEM yielded 
no clear and distinguishable electron diffraction pattern because the self-assembly of 
!-_!!
NPDI can be readily disintegrated under high electron beam voltage. The crystallinity of 
the 1D structures of triphenylene, however, can be determined from other techniques, 
such as polarized optical microscopy. Cross-polarized optical microscopy image and a 
polar plot of wire brightness as a function of angle show the NPDI wires are crystalline 
(Figure 11) 32. There are four repeats in a complete circle. The maximum or minimum 
brightness of the image repeats every 900. When the long axis is parallel to the plane of 
polarization (0o), the brightness is at a minimum. The brightness increases when the angle 
increases from 0o to 45o. The periodic change of the brightness vs. the angle shows that 
the NPDI nanowires are a birefringent crystals,33 i.e., the crystal has two distinct indices 
of refraction and it splits one ray of light into two rays. The strong birefringence is 
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ATR-IR spectroscopy, TG/DTA, and EDS were conducted to compare the 
physical properties of the self-assembling wires and the powdered NPDI.  Figures 12,13 
and 14 show the similarity in IR spectra and TG/DTA results between the NPDI powder 
and microwires. The similarity in NPDI powder and microwires from both IR and 
TG/DTA does not provide information whether the structure of NPDI nanowires is 
different from those in the powders because hydrogen bonding and the $%$ interaction 
between NPDI molecules exist in both NPDI powders and wires. The useful information 
we draw from EDS (Figure 15) results is that DMSO molecules are not included in the 
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Although the IR and TG/DTA techniques are not sensitive enough to distinguish 
the molecular environments of the NPDI molecules in the forms of powders and 
microwires, the fluorescence spectrum of NPDI microwires, on the other hand, showed 
significant differences from that of NPDI powder as seen in Figure 16.  The NPDI 
powder shows one emission peak at 446 nm, while NPDI microwires show one peak at 
476 nm. The redshift may be attributed to the formation of an ordered crystal network in 
the microwires. A weak emission peak at 580 nm in the microwires can be attributed to 










The conductance of the microwires was tested with the Keithley Model 2636A 
controller by applying conductive silver pastes on each end of millimeter-long wires as 
the source and drain electrodes in a manner where one probe is grounded and the other 
was connected to a source measurement unit. Conductivity measurements have been 
successfully made across wires of lengths over 1 millimeter.  Microwire devices show 
electrical current on a dielectric SiO2 surface.   
Gate voltage tests were made to measure the effect of an external magnetic field 
on the conductivity of the wire.  Our NPDI single microwire metal-oxide-semiconductor 
field-effect transistor (MOSFET) is of a depletion type, since the channel exists at zero 
gate-source voltage.  To determine the output characteristics of the device, the drain-
source voltage, VDS, was swept between -2V to +2 V, and the gate-source voltage, VGS, 
was kept constant throughout the sweep.  The experimental output characteristics of the 
device (Figure 17) show that NPDI wires behave like an n-type transistor.  At 0 V bias, 
the electrical conductivity was determined to be 4 x10-7 S cm-1. The conductivity of this 
wire has been shown to decrease with testing and time.  This process is believed to be the 
result of degradation of the crystal structure within the wire, however whether this 
degradation is of chemical or physical nature will be the focus of future studies on long-
term device stability.  
The electron mobility was determined to be on the order of 10-9 cm2 V-1 s-1 based 
directly on the electrical conductivity given in equation 1.  µe is the electron mobility as a 
function of the elementary electron charge, e, number density of electrons, n, and the 
electrical conductivity, &.  In the calculation of electron mobility, the number density of 
+-!
!
electrons, which is the number of electrons available for conduction, was assumed to be 
1. 
3 3 3 3   (1) !!!
 










When NPDI wire devices were exposed to light at the excitation wavelength 
maximum ("ex = 355 nm), the current within the wire increased as shown in Figure 18 
suggesting the device can be used for photo-detectors. The electronic transitions, and 
hence photo-generated currents between excited molecules along the path of conduction, 
can account for this phenomenon. 
In conclusion, unsubstituted NPDI has been shown to form self-assembled 
nano/microwires through solvent evaporation. The size of the NPDI wires is dependent 
on the concentration of the solution, evaporation rates and atmospheric conditions.  These 
variables allow for a tunable system to tailor for specific applications.  The process 
described within this chapter allows for the production of multiple wires during a single 
crystallization procedure, aiding throughput in potential future manufacturing.  
Microwires of NPDI show n-type semiconductive characteristics and are 
photoresponsive, leading to increased conductivity along the length of the wire.  Despite 
the low electron mobility, the photoresponsive conductivity increases could hold promise 
for a wide variety of applications, such as photodetectors, OLEDs, photovoltaics, and 
optoelectronic devices.  
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 To follow up on the work done with NPDI presented in this chapter several future 
routes can be foreseen.  Through the use of NPDI microwires as developed in this work, 
engineering of truly integrated devices would be a logical next step.  In order to make 
NPDI microwires into usable devices the stability and fragility issues must be addressed.  
Crystalline microwires have proven to be quite fragile.  The insulation of wires with an 
insulating polymer substrate could not only enhance mechanical stability, but also reduce 
+U!
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leakage currents in working devices.  The electrical contacts during this investigation 
were composed on silver SEM preparative paint.  This material for this function was not 
optimized for performance.  By conducting a follow-up study on the effect of ohmic 
contact of different electrode materials NPDI device performance can further be 
optimized. 
Another potential future study can be the functionalization of NPDI.  The 
molecule used to form these microstructures was used as purchased from TCI.  The 
functionalization of this molecule at the nitrogen or hydrocarbon body positions can 
cause interesting effects, such as changes in solubility, and vastly change the electrical 
properties of the wires.  While this phenomenon has not been investigated, the chemistry 
required to perform such structural altercations is generally straightforward.  Extending 
this solution-based approach to NPDI isomers, and other molecules with similar 
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2.0 g of 3,4,9,10 perylene tetracarboxydianhydride (PTCDA) was refluxed for one 
hour in 100 mL 5% wt aqueous KOH.  Upon addition of base, the dark red solution 
began to fluoresce under ambient conditions.  After refluxing, 50 mL of cool 5% weight 
aq. H2SO4 was added.  A red precipitate formed upon addition of the dilute acid.  The 
product was insoluble in water and nonfluorescent, as the sulfuric acid was dehydrating 
the dicarboxylic acid on perylene; reforming the anhydride.  The anhydride was believed 
to be the final product of this reaction because the final product had identical chemical 
and physical properties to the starting material.  This suspension was redissolved in an 
equimolar concentration of KOH to yield a clear red solution with yellow-green 
fluorescence.  To purify the product, ethanol was added in a 4:1 ratio with water to 
remove tetrapotassium tetracarboxylate perylene (PTCAK) by precipitation out of 
solution as a bright yellow solid and removal by filtration.  The driving force behind this 
purification is the low solubility of PTCAK in ethanol compared to the rather high 
solubility of KOH in ethanol; 38.7 g/ 100 g ethanol at 28°C 49.  The reaction scheme is 











A solution of PTCAK was prepared at 1 mM concentrations.  Additionally several 
10 mM solutions of divalent and trivalent transition metal salts were prepared.  These 
solutions included FeCl3, Fe2(SO4)3, CuSO4, Cu(NO3)2, CoCl2, CoSO4, NiCl2, HgAc2, 
and an organic solution of 10 mM melamine; all solution prepared in H2O.  Table I 
represents the designation of each ligand combination with metal salts.  This test was 
performed in duplicate to eliminate possibility for environmental error to skew results.  In 
the following model, the rows in each 24-well plate correspond to letters A-D going from 
top to bottom; each column is represented with numbers 1-6.  Therefore, if cell B3 is 



























 It was observed that upon addition of transition metal salts to fluorescent PTCAK 
solutions, the fluorescence was quenched.  While not tested experimentally, it is plausible 
that this optical observation is evidence of in situ PTCAK metal ion complex formation.  
The resulting anionic complex is surrounded by potassium cations after undergoing metal 
exchange with the corresponding ligand.  The locality of potassium cations to PTCAK-
metal complexes acts as energy sink for nonradiative decay and promotes heat loss to the 
solution after photon absorption rather than the fluorescence emission.  This can be seen 
























































The control experiments, performed with only dilute concentrations of PTCAK, 
are displayed in Table IV, cells A5 and B5.  The general structures that were determined 
appeared as a dendritic bulls-eye pattern developed on the goal surface with short narrow 
patterns close to the center and broad arms towards the outside.  This type of pattern was 
not observed for MOF formation with transition metal salts.  Rather, the most prominent 
structures seen were films.  FeCl3 and PTCAK formed films, which can be seen in Table 
II, cells A1 and B1.  HgAc2 gave snowflake-like films across the surface with fine 
crystallites noticeable at high magnification, as shown in Table III, C4 and D4. Flat, 
regular film structures were also observed for CoPTCA, shown in Table III, cells A3 and 
B3.  However, CoPTCA films once placed in and removed from the vacuum chamber of 
the SEM undergo subtle color changes. The film is categorized as red in its anhydrous 
form, and pink in its hydrate form. In this experiment there have been changes from a 
dull pink to a brighter red, suggesting that the observed color change cannot be accounted 
for with a CoSO4 film alone, and that CoPTCA is incorporated or the sole species under 









The anion in the cobalt salt appears to have a significant effect on the final 
structure.  Replacing sulfate with chloride retards the film formation and leads to large 
porous structures scattered amongst the surface; such structures are shown in Table III, 
C3 and D3.  Attempted co-crystallization with Melamine was ineffective.  Rather, two 
distinct phases were formed on the surface; shown in Table IV, C5 and D5.  Cells 
containing NiCl2 failed to yield any desirable results.  NiCl2 and PTCKA lead to a clean 




In a follow-up study of the slow evaporation of aqueous solutions of metal salts 
and organic linkers it was found that the combination of higher concentration solutions 
can lead directly to a precipitate product, which is believed to be crystalline and metal-
organic framework in nature.  This technique leads directly to free floating crystals with 
no formation of byproducts.  This work is preliminary but the initial results will be 
discussed here.   
As previously stated tetrapotassium perylenetetracarboxylate was prepared – a 
compound with high solubility in water that exhibits a strong green fluorescence even in 
ambient light.  It was found that a large number of analogs could be prepared through 
simple cation metathesis.  This can be done by placing ~50mg of PTCAK in 5mL of DI 
H2O to yield a 20mM solution, followed by the addition of two equivalents of divalent 
metal species to precipitate potential MOFs.  Figure 25 shows the effect of adding two 
molar equivalents of various metal salts.  The majority of solutions form easily seen 
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precipitates with the exception of MgSO4 and NiCl2.  The mechanism for why these 









The effect of adding only 1 molar equivalent of metal salt to the PTCAK solution 
was also investigated in order to see if MOFs could be formed with excess ligand.  It was 
hypothesized that this would not yield comparable results, and this was indeed found.  As 
can be seen in Figure 26, the fluorescence of the solution was partially quenched by the 
metal ions in solution, but no precipitate was formed.  This leads to the conclusion that in 
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order to form crystalline precipitates at least two equivalents of metal salt for every 
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 The discovery of potential metal-organic-frameworks based on PTCAK has many 
potential applications, but these MOFs must still be characterized and manipulated.  It 
was only recently discovered that cationic metathesis with this ligand can be performed 
in aqueous solution.  To date, Ca2+, Fe2+, Co2+, Ni2+, Zn2+, Fe3+, Eu2+, Pb2+, Mn2+, and 
Cu2+  coordinated perylene based MOFs have been formed using this technique.  Despite 
similar preparation, the morphologies on each type of potential crystal are quite different 
as shown above.  Cross-polarized optical microscopy was performed and no 
birefringence was seen within these crystals.  The lack of activity under this technique is 
suspected to be because of the small size of the crystals.  Therefore in order to confirm 
crystallinity these samples would be best suited for TEM analysis, since many of the 
crystals are only several tens of nanometers thick.  Another alternative is to subject this 
precipitated material to X-ray powder diffraction.  In the remaining time of my degree the 
size distribution of this material will be investigated in order to determine the optimal 
conditions for growth.   
 Since this material is on the nanoscale, it is suspected that it is possible to 
recrystallize this material.  Preliminary attempts to do so have been unsuccessful under 
atmospheric reflux conditions in DMF, DMSO, and H2O.  Compounds made from Zn, 
Fe, and Ca have been sealed in glass ampoules in DMF, DMSO, and H2O and heated to 
200°C for 30 minutes in order to induce crystallization from any remaining amorphous 
material, yet no change was apparent before or after this experiment.  It is recommended 
to extend this timeframe to several hours under controlled temperature settings. 
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 Given the current state of the material the thermal properties of these materials 
can be characterized by TGA/DTA and differential scanning calorimetry can be used to 
determine phase changes of this material.  Gas adsorption tests for porosity and 
separations applications will also be required.  Since the material is made from the 
perylene backbone, which is well known for semiconducting properties, it is suggested 
that future work begins to look into the fluorescent, optical, and electronic properties of 
the organic-inorganic hybrid materials.  
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